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Abstract

Tile electron stimulated desorption (ESD) of neu-

tral oxygen atoms from polycrystalline silver and of

oxygen ions from Ag(ll0) has been studied. Poly-
crystalline Ag charged with 1602 and 1802 and bom-

barded by low-energy electrons (_100 eV) under ul-

trahigh vacuum (UHV) conditions emitted O atom
flux levels of 1 x 1012 cm-2-s -I at a Ag temperature

of 300°C. The flux was detected with a quadrupole

mass spectrometer operating in the appearance po-
tential mode. The neutral cross section at, about,

100°C was determined to be 7× 10 -19 cm 2. Ancilla_

experiments conducted in a UHV chamber equipped

with a cylindrical mirror analyzer and rigged for ion

energy distribution and ion angular distribution were

used to study O ions desorbed from Ag(110). Two

primary O + energies of 2.4 and 5.4 eV were de-

tected from the Ag(110) after having been dosed with
2500 L of 1602. It also appears that in both experi-

ments there was strong evidence for directionality of

the emitted flux. The results of this study serve as a

proof of concept for the development of a laboratory

atomic oxygen beam generator that simulates the gas

flux environment experienced by orbiting vehicles.

Introduction

The composition of the atmosphere at the orbital

altitude (200 to 1000 kin) of a spacecraft, combined
with its orbital velocity (_8 km-s -I) results in a

flux of hyperthermal atomic oxygen (E _ 5 eV and
_b _ 1 x 1015 cm±2-s -1) impinging on the space-

craft, surfaces. The high chemical reactivity of this

atomic oxygen flux has caused substantial degrada-
tion of organic materials onboard the Space Shuttle

and suggests tttat, materials on the proposed Space
station, composites used in large space structures,

exterior coatings on the optics of the Hubble Space

Telescope, materials for proposed ultraviolet tele-

scopes, and materials for future laser communica-

tions systems may have substantially reduced life-
times. Therefore, the study of the reaction of these

materials with atomic oxygen in ground-based lab-
oratories (ref. 1) is essential. In order to conduct

such laboratory experiments, an atomic oxygen beam
generator is required that can closely simulate the

flux and energy (within the appropriate vacuum

environment) which space vehicles experience in
orbit.

In addition to its usefulness for studying atomic

oxygen reactions with spacecraft, materials, such a

beam system would also be of importance to NASA
in the calibration of mass spectrometers and other

detection systems that would be used for mapping
the density of the gas constituents within the orbital

envelope. The extreme reactivity of atomic oxygen
leads to numerous chemical unions with other species

to form CO, CO:z, H20, 02, SO2, and NO2. Since

these unions occur with only a few surface collisions,

the atomic oxygen quickly loses its identity. Calibra-
tion, therefore, is essential to make accurate measure-

merits of the representative gas environment within

the orbital envelope.

A third use for an atomic oxygen beam genera-

tor would be in the area of collision dynamics and

cross-beam chemical kinetics. The unavailability of

a pure, well-behaved oxygen beam (especially in the

range of 1 to 10 eV) has limited the determination

of atomic oxygen-molecule collision and chemical ki-
netic cross sections, which are of fundamental inter-

est to physicists and chemists. Other areas of poten-
tial use include determination of drag coefficient and

basic gas-surface interactions.

Current techniques for forming atomic oxygen

beams primarily fall into three categories: radio fre-

quency (rf) discharge, thermal dissociation, and elec-

tronic impact (ref. 2). In order to attain a range

of energies, several methods of acceleration, such
as charge transfer and nozzle expansion, are used.

Beams formed through the use of these techniques

have some combination of the following problems:

low flux intensity, low mean energy, wide energy

distribution, numerous excited states of oxygen and

accompanying gases, and synergistic reactions from
different species. Furthermore, cont.aminating back-

ground densities within the experimental system of-
ten mask the true interaction between atomic oxy-

gen and the material sample. For example, if the
background pressure is 1 x 10 -6 torr, the entire sur-

face of a sample is covered iii 1 s by gases other than

atomic oxygen (such as CO or O2), with the assump-

tion that the gases have a sticking coefficient near 1.
Typically, most existing beam systems are conducted

in this range so that no clear distinction between the

effects of the atomic oxygen and those of other reac-

tive species can be made. What is needed for unam-

biguous quantitative studies is a pure, well-behaved

atomic oxygen beam that has characteristics similar

to those experienced in orbit and is operated within

a vacuum of 1 x 10- ! 1 torr (with monolayer coverage
time of less than 1 x 105 s).

Since the ultrahigh vacuum (UHV) technology

for building an appropriate vacuum system is avail-

able, efforts are proceeding in the development of an

atomic oxygen beam generator with the aforemen-

tioned properties. A promising approach uses two

unique phenomena. The first is the unusually high
permeability of oxygen through silver, which occurs

by the sequential adsorption of 02, surface disso'

elation into O atoms, dissolution, and subsequent



diffusionof O atomsthrougha thin Ag membrane
or fromthebulk of anoxygen-chargedAgsampleto
a vacuuminterface.The secondis the useof elec-
tronstimulateddesorption(ESD)(ref.3). Normally,
whenthe O atomsarriveat the vacuuminterface,
surfacediffusionoccursandresultsin O atomcolli-
sionsandthesubsequentdesorptionof 02 molecules.
If an incidentflux of low-energyelectrons(E ,_ 100

to 500 eV) is directed at this surface, the O atoms are
excited to antibonding states before they can recom-

bine and desorb as hyperthermal O neutrals and O +

ions with an energy of 1 < E < 10 eV. This paper re-

ports the results of a set of preliminary experiments

and serves as a proof of concept of this hypothesis.

Symbols

AP

CMA

CN

E

and Abbreviations

appearance potential

cy]indrlcal mirror analyzer

coordination number

kinetic energy, eV

ESD

ESDIAD

ESDIED

Gl,G2

Ic

[ESD

k

electron stimulated desorption

L

m/e

N(E)

P

Q

QMS

T

t

C

ESD ion angular distribution

ESD ion energy distribution

grid designations

current ratio

current, A

electron impact current for ESD, A

Boltzmann's constant,

1.38 × 10-23j-K -!

langmuir, exposure of 1 x l0 -6 torr
forls

ratio of mass to charge, ainu

number of ions

pressure, torr

ESD cross section, cm 2

quadrupole mass spectrometer

temperature

time, hours

electron impact voltage for ESD, V

voltage, V

recombination coefficient

yieht

2

0

¢

surface coverage

molecular flux density, cm-2-s -1

Experiment

.... Neutra! Detection

The schematic of the experimental system em-

ployed for detection of neutral O atoms is shown
in figure 1. A 0.76-ram-diameter polycrystalline Ag

wire (0.99999+ purity) in the shape shown (a hairpin

shape provides minimal temperature variation along

the straight section) served as the oxygen-charged

target. A 0.25-ram-diameter W wire mounted about
2 mm away from and parallel to the Ag wtr_'W,_

used as the electron source. The Ag was cieanedjust

prior to insertion into the System by ultrasonically

cleaning it in detergent for 10 minutes, electropol-

ishing it in a solution of methanol and 6-percent

perchloric acid, rinsing it several times in methanol,

and immediately drying it with high-purity N2 gas.

Auger electron spectroscopy (AES) shows that only

very small anaounts of contanfinating C, S, and
C1 remained on the cleaned surface. These con-

taminants were removed by successively heating in

10 torr of O2 at 500°C for 1 hour and then anneal-

ing in UHV (ref. 4). The Ag could be resistively
heated to as high as 960°C with stepped down line

voltage. The temperature of the Ag was measured
with a chromel-alumel thermocouple attached to the

straight section. Through iise of a temperature con-

troller, a prescribed temperature Coukt be attained
in less than l0 s. The W filament was also resistively

heated and could supply ESD bombardment currents
in excess of 10 mA/cm 2. Grid two (G2)-served as

an electron repeller and grid one (Gl) served as a
retarding element for positive ions. The ESD assem-

bly was in direct line of sight of a quadrupole mass

spectrometer (QMS) loca-ted within aUlti'__vTron _

ment (p < 1 x 10 -11 torr). The QMS data were
taken with a minicomputer which was connected to

the QMS through a computer interface system. The
QMS could be isolated from the UitV chamber by a

straight-through valve with at, all-metal seal. When

this valve is closed, the Ag can be Charged with O2

at pressures in excess of 760 torr without degrading
the UHV conditions in the QMS chamber.

The recombination coefficient "y for atomic oxy-

gen on metal is large (0.01 < "/ < 1.0), so its iden-
tity changes from reaction with another species (e.g.,

CO, CO2, NO, NO2, N20, H20, and 02) in only a

few collisions (ref. 5). In order to avoid this prob-

lem, the entire ESD assembly was encased in a SiO2

tube with the open end pointing toward the QMS.
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Silicon dioxide has a small recombination coefficient

(_ ,w, 1 x 10 -4) and, therefore, provides a more

directed and larger atomic oxygen flux toward tile

QMS. Nevertheless, the flux of lmrecombined atomic

oxygen is smaller than the flux of recombination

products and, hence, difficult to detect. In order

to discriminate between the reaction products and

those from the other residual gases, the appearance

potential (AP) method was adopted. Figure 2 shows

the relative intensity of ionization of several gases in

a QMS as a flmction of electron energy. The val-

ues of the appearance potentials (from extrapolation

to zero intensity) for these gases are consistent with
each other and indicate an ion source factor of about

2.5 eV for this instrument. Since the reported ap-

pearance potentials for fragmentation of O2, H20,

CO, and CO2 to O+ are in excess of 16 eV (18.5 V in-

eluding the ion source factor), operation of the QMS
ionizer below this potential will not yield O + ions

from these other sources (ref. 6). Furthermore, at.
this voltage the sensitivity to background gases is

substantially reduced, thereby giving a directed flux

(line of sight from the Ag) which has an enhanced

signal-to-background ratio.

While the Ag wire was being charged with oxygen

(typical paranleters were p _ 10 torr O2, TAg =
500°C, and t = 1 hour), the pressure in the isolated
QMS chamber remained below 1 x 10-11 torr. After

the wire was charged, the ESD assembly volume was
evacuated to about 1 x 10 -8 torr and baked out

overnight at a temperature of 200°C. During this
bakeout period, the Ag was cooled to maintain a

temperatnre below 30°C in order to minimize the

O loss. Also, the
degassed while the

After bakeout, the

volume dropped to
the isolation valve

W filament, Gi, and G2 were
ESD assembly volume was hot.

pressure in the ESD assembly
1 x 10 -m torr, at which time

was opened and sufficient time

was allowed for the entire system to pump down to
the 1 x 10 -11 torr range. The Ag was then heated

to the prescribed temperature and experiments were
conducted in both the normal and AP modes.

Ion Detection

The O + ion detection and energy distribution

measurements were performed in another UHV sys-
tem (base pressure of 2 x 10 -jl torr) with a Ag

single crystal with an exposed (110) surface. A

schematic diagram of the system is shown in fig-

ure 3. In addition t.o ESD, this system can be
used for electron spectroscopy for chemical anal-

ysis (ESCA), Auger electron spectroscopy (AES),

low-energy-electron diffraction (LEED), tempera-

ture-programmed desorption (TPD), and other
techniques. The sample was cleaned using Ar ion

bombardment followed by annealing at 500°C un-

til AES gave a spectrum corresponding to clean Ag.

The clean sample was dosed with 2500 L of O2 at a
pressure of 1.0 x 10 -6 torr and room temperature.

The ESD was performed in several different ways

with the experimental configuration shown in fig-

ure 4. A double-pass cylindrical mirror analyzer
(CMA) with an angularly resolving aperture and an

internal electron gun was used to perform all the ESD

experiments. The electron gun provided an electron
beam which could be varied from 100 to 500 eV and

from 100 to 20000 nA over a spot about 0.1 mm in

diameter. Four different nlodes of operation for ESD

are possible. (See ref. 4 for a thorough discussion

and examples.) The first mode is to continuously

perform AES to monitor the O and Ag peak heights

as a flmction of time. This AES yields the total

desorption cross section for desorption of ions, neu-
tral atoms, and metastable atoms. The second mode

is to obtain a positive ion energy distribution func-

tion by sweeping kinetic energy with the energy ana-

lyzer. This sweeping Collects all positive ions regard-

less of mass and is referred to as a total ion energy
distribution. The third mode yields a mass spec-

trum of the desorbing ions near a selected ion kinetic

energy. This is done with the CMA used as a time-

of-flight mass spectrometer. The electron beam is

pulsed onto the sample for about 300 ns, and then

the ion detection circuitry is time gated with respect
to the primary beam that allows mass identification

based on flight time. The fourth mode is to scan ki-

netic energy while time gating the ion signal. This
yields an ion kinetic energy distribution for a species

with a preselected mass. Two other variables can also

be varied easily. The first variable is the primary

electron beam energy, which can be varied in any
prescribed manner from 50 to 5000 eV. The second

variable is the direction of the desorbing ions, which

can be varied with the moveable aperture. The first

variable is determined from a threshold experiment in
which different electronic excitation mechanisms be-

come possible as the primary beana energy increases.
The second variable is determined from ESD ion an-

gular distribution (ESDIAD), which has become an
important technique for structure determination.

Results

160 Neutral Experiments

Figure 5 shows the residual gas mass spectrum
of the ESD assembly after the Ag was charged

with 1602 and pumped down to a total pressure of
5 × l0 -ll torr. The QMS was in tile normal mode

(electron energy Vc = 70 eV and emission current
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le = 2.5 mA), and the signal output is plotted in

logarithmic form. The spectrum is typical for a

clean metal system in the UHV range. The peak

at m/e = 16 is primarily due to fragmentation of the

oxygen-containing residual gases.

Normal mode detection of the thermal desorption
(no ESD bombardment current applied) of mO 2 from

polycrystalline Ag at TAg = 500°C is presented in
figure 6. The desorption temperature was attained

within 10 s. Desorption from the surface occurs first

and is followed by desorption of bulk oxygen, which

diffuses to the surface. The amount of 02 desorbcd

plus the oxygen in the ox,'ygen-bearing reaction prod-

ucts at a given time is approximately equal to the

total quantity of oxygen desorbed from the Ag.

When ESD conditions of _ESD = 100 V and
[ESD = 0.5 mA were applied and with the Ag at

50°C, the CO (m/e = 28), C02 (m/e = 44), and

O (m/e = [6) peak values immediately increased

by a factor of over 100 and the O2 (m/e = 32)

peak value increased by a factor of over 200. Fig-

ure 7 Shows a survey of the many reaction prod-

ucts produced by the atomic oxygen after 20 min-

utes of operation, that is , It20 (m/e= 18), N2 +
co = 2s), NO 02 = 32),
CO.2 + N20 (,n/e= 44), and NO2 (m/e = 46). The

nitrogen-bearing gases were probably produced by
displacement of previously pumped N 2 in the Ti of

the sublimator and ion pumps with oxygen. This ni-

trogen was then available for reaction with atomic

oxygen. In the AP mode the QMS electron energy

was reduced to 18.1 eV (which is effectively about

1.5.6 eV with the instrument factor), and the emission

current was adjusted to 0.62 mA. The ESD parame-
ters used were the same as previously indicated, and

the Ag temperature was elevated to TAg = 300°C. A
mass survey from 0 to 50 ainu was then taken and

is shown in figure 8. The atomic oxygen is clearly

evident in this scan. When the Ag temperature was

reduced, the toO+ signal decreased and ultimately

was not detected below TAg = 100°C. Gas phase
and ESD positive ions created by the etectron flUX

were retarded by G1 and were not studied, since the

signal-to-noise ratio (ratio of ESD ions to gas phase
ions) was very near 1.0. These conditions indicate

that the O + signal obtained in the ESD experinlent
was due to ionization of neutral atoms desorbing from

the Ag sfirface. Since the residual gas pressure in the

system was l0 -1° torr during the ESD experiments,
the lower sensitivity of the AP mode would require

background pressures over two orders of magnitude

higher to bc detectable on this scale. In figure 8,
there is also an atomic hydrogen (H) signal that is

from ESD. The source is probably from dissolved

hydrogen since the solubility and diffusivity are very

high for hydrogen in Ag (ref. 7).

Although the appearance potential of 02 is only

12 V as compared with 14 V for O (02 there-

fore having a higher sensitivity), its absence from
the spectra indicates that O from ESD is tile

predominant species desorbed at this temperature.

Interestingly, 02 is only detectable in the AP mode

when its concentration in the Ag is very high and
tile Ag temperature is above 500°C. These data are

shown in figure 9. Since the concentration of ox_:gen
in the Ag wire was continuously decreasing, the 1602

signal from ESD also decreased with time, but rela-

tively slowly, since the flux of O to the surface was

sufficient to keep the atomic surface coverage high

(0 _ 0.5). Furthermore, as the Ag temperature in-

creased, the rate of oxygen diffusing from the Ag bulk
to the Ag surface increased the surface concentra-

tion and ESD O flux. Both of these phenomena are
shown in figures 10 and II. Experiments were also

conducted which verify the linear increase in ESD

flux with increasing bombardment current.

_SO Neutral Experiments

Similar ESD experiments were run after the Ag

wire was charged with 1802. As shown in figure 12,

lSO is detected if the Ag temperature is maintained
at 200°C and tile QMS is operated in the AP mode.

The Ag had not been fully depleted of 160 from pre-

vious experiments, so a significant peak at m/e = 16
remains. The fact that it is larger than tile 180 peak

is probably due to both the extensive desol:ption of
160 [)eadng gases from the chamber surfaces and t_t(e

residual 160 diffusing from the subsurface region. At

higher temperatures, the linear temporal decrease in

i60 signal occurred much faster than the 180 signal
decrease, so that 1SO ultimately became the domi-

nant species. Figure 13 shows a mass survey spec-

trum taken in tlie AP mode at TAg = 450°C. In this

ease i (h 9 =tS'cJ-:peak has become dominant: Results

of experimeuts run in the_ AP mode which demon-

strate the Variation in 1SO signal wlith primary elec-

tron beam energy are presented in figure -1"4_ The

180 signal apparently disappeared at an energy of

approximately 35 eV, which set an upper limit for

the ESD threshold of oxygen adsorbed on Ag. As in-
dicated above, the ESD of lSo from polycrystalline

Ag depended upon the concentration of surface oxy-

gen and was controlled by the diffusion flux to the

surface. Allowing Ag to remain at 450°C for several
minutes without electron bombardment and then

reducing the temperature to 100°C provided a

surface coverage of about 0.5. Electron stinmlated
desorption on this surface yielded an 180 signal
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decay rate which was indicative of desorption from
the surface with no diffusion of 180 to the sur-

face. These data are presented in figure 15 and can
be used to determine the ESD cross section for

desorption of O.

O ÷ Experiments

Experimentally, an energy distribution for the

desorbing neutral oxygen atoms is exceedingly diffi-

cult to obtain. However, since ions and neutral atoms

are both produced through decay of the same elec-

tronic excitations (ref. 4), one can reasonably assume

that the energy distributions of the desorbing ions

and neutral atoms are very similar.

Following a 2500-L room-temperature dose of

oxygen, two desorption energies for O + were ob-

served, one at 2.4 eV and a second at 5.4 eV. These

two desorption energies may indicate the presence
of at least two binding sites for oxygen on Ag(110)

at 0°C. A marked effect in the relative desorption

yields from these two states is observed upon exci-

tation of the Ag 3d core levels binding energies of

3d3/2 = 361.9 and 3d5/2 = 367.9. This effect is
shown in figure 16. Shown in parts A and B of fig-

ure 16 are two energy distribution curves obtained

consecutively from the same position on the sample
surface. A primary beam energy of 300 eV was used

to obtain part A of figure 16 and a beam energy of

400 eV was used for part B of figure 16. The same

procedure used to obtain parts A and B of figure 16

was used to obtain parts C and D, but the 400-eV

spectrum of part C was taken prior to the 300-eV

spectrum of part D. These spectra clearly show that

upon exciting the Ag 3d core levels the 5.4-eV emis-
sion feature yield decreases sharply with respect to
that of the 2.4-eV feature.

Prelinfinary angle-resolved (ESDIED-ESDIAD)

spectra shown in figure 17 not only support the

premise that there are two binding states present

but also show that they desorb predominantly at

different angles. At a near-normal desorption angle

with respect to the surface plane, the state with a
5.4-eV desorption energy is more prominent (part B

of fig. 17), whereas in the angle-integrated spectrum,
the state with a 2.4-eV desorption energy is more

prominent (part A of fig. 17).

Discussion

Desorption Analysis

The straight section of the Ag wire can be approx-

imated as a long cylinder of length g and diameter d.
The variation of the concentration of oxygen in this

geometry as a function of time can be represented

by the solution to Fick's second law for finite cylin-

ders desorbing into a vacuum (surface concentration

is zero) (ref. 8):

C

Co

3z exp[-(Z, + l?.2Dt/e 2]
7r2 n = 0 (2n + 1) z

x E
n=l f12

(1)

where C is the average concentration in the solid at

t, Co is the initial concentration in the solid, fin is the

root of J0(fl) = 0, and D is the diffusion coefficient.

After a short interval of time to, the two series may
be reduced to their first terms so that

C 32

- _-2_',pi.exp[-t/r] (t > to) (2)Co

where

-= + D
r

The total amount of gas desorbed into the vacuum

per unit volume of the wire after time t is just Co-C,

so the desorbing flux is then

dC 32Co

Co(t) -- dt - 7r2fl _rexpi" (-t/v) (3)

Now the rate of change of pressure p in the system

caused by the influx of oxygen from the Ag (and

the simultaneous pumping speed S through the mass

spectrometer) is

= Co(t) - S(p - p') (4)

where V is the volume of the ESD chamber and p_ is

the pressure in the lower chamber. Since p >> p_ for

all t and Oo(t) is defined by equation (3), then

where

dp i
_- + _ p = A exp(-t/r) (5)

rt V and A -32Co
S 7r2fl TV

Equation (5) has the solution

Tt T "_

p = A \_r - _"J [exp(--t/T) -- exp(--t/_-')]
(6)

which is the pressure variation with time. The known
values of the volume of the ESD chamber and the

pumping speed indicate that even for unusually high



valuesof D (which means 7 is small), r >> r t and

therefore exp(-t/r) >> exp(-t/r'), so equation (6)
becomes

p _ Ar t exp(-t/v) (7a)

or

logp_ lobAr r t
2.3r (7b)

The slope of a log p versus t plot thus yields the
diffusion coefficient, since

2.3m

D = (rc2/g2) + (4/32/d2) (8)

where m is the slope. The average concentration of

oxygen in the Ag can be determined from integration

of equation (4) over the desorbing interval r. This
integration yields

c= 2sfVk--T p(t) dt (9)

where T is the temperature of the system.

Surface Properties

The interaction between oxygen and a Ag surface

has received much attention, mainly because of the

high activity of Ag for the selective epoxidation of

ethylene. The bulk of the present understanding

of this system has been derived from studies of

oxygen adsorption on the (100), (110), and (111)

single-crystal surfaces of Ag (refs. 9 to 28). The

inconsistencies among these studies clearly indicate

that chemically bound oxygen on Ag is not well
understood presently. These discrepancies seem to

arise fi'om the various oxygen exposure conditions
used. Tile results of these studies are described

briefly for each surface.

O/,4g(lO0). This surface is the least researched

of the three. The sticking coefficient for oxygen on
this surface is on the order of l0 -5 to l0 -6. Based

on work function measurements, the existence of two

binding states of oxygen on this surface has been

tentatively proposed (ref. 9): one state which ex-

ists alone at temperatures above 97°C and a second
state which increases in relative concentration with

decreasing temperature. Oxygen exposure causes a
decrease in the spot intensity of the 1 x 1 low-energy-

electron diffraction (LEED) pattern of the clean sur-
face. The appearance of ne_w diffraction spots upon

oxygen adsorption is a controversial topic. Two ob-
servations have been presented in the literature. One

observation is that new diffraction spots appear, an

occurrence which suggests that adsorption is either

6

disordered or in a phase with a 1 x 1 structure. The

second observation is that oxygen adsorption causes
facets of the (410) plane to form which are inclined

14 ° relative to the (100) surface domains (ref. 21).
Thermal desorption of adsorbed oxygen from this
surface occurs near 240°C.

O/AgHIO). The (110) surface is the most re-

active toward oxygen with an initial sticking coef-

ficient of approximately 10 .3 . The initial sticking

coefficient decreases with increasing temperature, an

occurrence which may provide evidence for a pre-

cursor state for chemisorption of oxygen. Based on

LEED patterns obtained with various exposures for

a room-temperature oxygen exposed (110) surface,
the maximum surface coverage is proposed to be half

a monolayer. In addition to the precursor state,
three adsorbed states of oxygen have been proposed:

an adsorbed dioxygen state, an adsorbed dissociated

oxygen state, and a subsurface dissociated oxygen

state. The dioxygen state has been most commonly
observed at temperatures below -153°C and pro-

duces a diffraction pattern which indicates a 1 x 1

structure. It has also been proposed that a dioxygen

adsorbed state exists at 200°C following oxygen ex-

posures at or exceeding 0.f t0rr. However, it is not

clear presently if these dioxygen states are the same.

The dissociated oxygen state is formed by exposure

at temperatures equal to or greater than -103°C or
by heating an already exposed Surface above -103°C.

This state is the most prominent adsorbed state of

oxygen above -103°C, and the binding site is un-

known. None of the bonding models proposed to

date take into account probable adsorbate-induced
Surface reconstruction nor are they consistent with

the available data. The subsurface dissociated oxy-

gen is formed by either heating an oxygen-exposed

surface above 147°C or by dosing at temperatures
above 147°C. This subsurface oxygen is stable to

327°C. Above 327°C the surface and subsurface oxy-

gen atoms combine and desorb as 02. It has also

been suggested that this subsurface oxygen migrates
to the surface near 267°C.

O/AgHID. The (111) surface is similar in reac-

tivity toward oxygen to the (100) surface in that it
has a sticking coefficient on the order of 10 -6. At

temperatures below -123°C the prominent surface

species is 02, which desorbs near -58°C. Above this

temperature the adsorbed state of oxygen is contro-

versial. It is not clear whether an adsorbed dioxygen

species exists above -58°C. An exposure of 1 to 2
torr of oxygen in the range of 127°C to 227°C results

in a diffraction pattern with a p(4 x 4) structure.

This structure is stable to approximately 307°C,

IIR
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where it associatively desorbs as 02. As for the (110)

surface, a subsurface state is proposed which desorbs
above 327°C.

Polycrystalline Ag may contain all the binding
states associated with the crystalline surfaces de-

scribed above. In addition, states which may be

associated with grain boundaries and other defects

could be important. Therefore, studies of single-

crystal surfaces may only offer a general indication
of the behavior of a polycrystaltine surface. In agree-

ment with the single-crystal studies, 497°C is suffi-

cient for desorption of all the surface oxygen to occur.

No surface-controlled phenomena appear to limit the

thermal evolution of oxygen from the surface.

O/Ag Diffusion

The diffusivity of 160 in polycrystalline Ag at

TAg = 500°C was determined from equation (8) and

the slope of the 1602 curve in figure 6 and was found
to be 2.64 × 10 -6 cm2-s -1. This value compares

very well with the results of Eichenauer and Mueller

(ref. 7) and of Ramanarayanan and Rapp (ref. 29).

An estimate of the oxygen flux arriving at the surface

from the Ag bulk can now be made through use of

equation (3). If we assume the value of Co to be
that of the solubility limit of Ag at 500°C and p

= l0 tort, the 1602 charging condition would give
a bulk concentration of 2.7 × 1017 O atoms-cm -3

Ag. A flux of 3.18 z 1013 atoms-cm-2-s -I has been

determined in this study. Taking the average number
of sites for polycrystalline Ag as 1.3 x 1015 atoms-

cm -2, this value of ¢o corresponds to formation of

a monolayer (0 = 0.5) in approximately 20 s, but
after about 3 minutes the evolving flux decreased by

an order of magnitude. At 300°C, however, ¢(t) had

not decreased an order of magnitude until 60 minutes

had transpired. Since the 300°C temperature is just

below the thermal desorption temperature of the

surface and subsurface oxygen, the desorbing 0/02

ratio is maximized (ref. 13).

ESD Analysis

The total number of desorbing particles, including
neutral and metastable atoms i, positive ions i + , and

negative ions i-, can be represented by

I = i + i + + i- (10)

The total cross section Q for ESD is defined by

-- QN (11)
A_ AE

where Ie is the total electron beam current to the

sample, A is the area of the sample bombarded, _ is

the charge of the electron, and N is the surface con-
centration of the chemisorbed species. The change in
surface concentration as a function of time is

dN Ie
QN (12)

dt - Ac

which integrates to

_oo = exp - Qt (13)

where No is the initial surface concentration of the

chemisorbed species. If N can be measured as a func-

tion of time with some surface diagnostic technique,

then Q can be determined from equation (13) if Ic
and A are known.

In this case, if we assume a direct correlation be-

tween the flux leaving and the change in surface con-
centration and that neutral atoms are the predomi-

nant desorbing species, the neutral atom cross section

Qn can be determined from

iNio -- No --exp - Qnt (14)

The term Qu is calculated from the decay in 160

and 180 signals, such as those shown in figure 15.

The values obtained vary from 5.6 x 10 -19 to

8.9 x 10 -19 cm 2, with an average value of 7 x 10 -19

cm 2 for five runs at a temperature of 450°C. The
values for 160 and 180 do not appear to be signif-

icantly different; therefore, very little isotope effect

is shown, as expected (ref. 4). These values compare
well with ESD cross sections of metal systems studied

previously (refs. 30 and 31). With this average cross
section, the yield is r/= 7 x 10 -4 atoms per electron,

and the flux of O atoms leaving the Ag surface as a

result of ESD (0 = 0.5) is

¢o = r/6e = 1.1 x 1012 cm-2-s -1

For the geometry of the ESD system and the direc-

tionality of the ESD atoms (most appear to be axial),
it is estimated that about 20 percent of the O atoms

reach the ion source of the QMS without recombining

after leaving the fused SiO2 tube. Furthermore, an
effective pumping speed S through the QMS of about

4 liters per second maintains an equivalent pressure
in the ion source of about 1.7 × 10 -9 torr. The sen-

sitivity of the QMS for O is assumed to be approxi-

mately the same as for 02, which has been measured
in the AP mode to be 5 x 10-3A-torr -I and results

in an ion current of about 1 × 10-11A. This current

level is consistent with the level of O signal detected
in the AP mode.

7



It isunclearwhateffectthefluxofOatomsarriv-
ingat thesurfacefromthebulkhasontheatomically
bondedsurfaceatoms,but it is plausiblethat the
subsurfacestateis filled(at elevatedtemperatures)
sincethe1SOisotopeexperimentsdemonstratethat
thereis a rapidexchangeof atomsto and fromthe
surface.Therefore,surfaceatomslostbyESDareim-
mediatelyreplacedfromthosein thesubsurface.Be-
low450°CmostatomsdesorbbyESDratherthanby
thermaldesorption.This is in goodagreementwith
Backx,De Groot, and Biloen,who foundthat on
the (ll0) facethesubsurfaceoxygenis stablebelow
450°C(ref. 11). It hasbeensuggestedthat oxygen
adsorbedin high-symmetry,high-coordinationstates
doesnot yieldsignificantO+ ESDsignals,whereas
O adsorbedat stepedgesor sitesof reducedcoordi-
nationproducesmuchhigheryields.Bange,Madey,
and Sasshaveshownthat O doesnot bondin the
troughsona (ll0) face(CN= 4) but at a polar an-

gle of 12° along [001] azimuths where CN = 1 or,

perhaps at most, CN = 2 (ref. 32). Furthermore,
there may also be a surface reconstruction that takes

place in which Ag atoms move from their normal lat-

tice points. Bange, Madey, and Sass have noted from

ESDIAD data that the angle of the desorbed ions
varies with surface temperature and that this varia-

tion may be indicative of some type of surface recon-

struction (ref. 32). Finally, there may also be a sig-

nificant minority state contribution because of paths

of diffusion from the bulk, such as grain boundaries,

dislocations, and twin boundaries. Since oxygen ad-
sorbed at these sites would have lower coordination

numbers, this oxygen group probably contributes

significantly to the ESD flux.

A possible interpretation of the energy distribu-
tion of the O + ions involves an interatomic Auger

transition. One deexcitation mode of a Ag 3d hole is
a core-valence-valence (CVV) Auger transition. This
transition results in the two most notable features in

the Ag Auger spectrum, which are found at kinetic

energies of 351 and 356 eV. When oxygen is adsorbed

on Ag, one or both of the valence electrons involved
in this Auger transition may be associated with the

oxygen. Furthermore, an interatomic transition may

bc expected because the valence levels of Ag in silver

oxide are associated with a filled 4d shell, and thus

silver oxide might be considered to be an ionic mate-

rial witl_ quasi-maximal valency. Interatomic Auger
transitions have been observed in the maximal va-

lency oxides of Ti, V, and Mn (ref. 33) and have been

proposed to result in the ESD of O + ions (ref. 34).

Through comparison of curves in figure 16, it is ev-
ident that the state which desorbs at 5.4 eV is de-

pleted when the 400-eV primary beam is used. The

5.4-eV shoulder in part C of figure 16 is less promi-

nent than this shoulder in part A, which is suggested

to be a result of the 400-eV primary beam spectra
being taken first. This depletion of the 5.4-eV state

may be caused by an interatomic transition between

Ag and oxygen, resulting in a transformation of oxy-
gen in the state which desorbs at 5.4 eV to the state

which desorbs at 2.4 eV.

It is also possible that the two desorption energies

for O + are derived from the same adsorption state

but from different desorption mechanisms. This,

however, seems unlikely. Exposure of the surface

to a 400-eV electron beam before the acquisition of

an energy distribution with a 300-eV primary beam

yields a reduction in the number of desorbing ions

with a kinetic energy of 5.4 eV compared with that
obtained without exposing the surface to a 400-eV

beam. A mechanistic change would not be expected

upon preexposing the surface to a 400-eV electron

beam; thus, an adsorbate state change must have
occurred.

The neutral-atom experiments indicate that an-

other threshold exists below a primary electron beam

energy of 35 eV. Since the signal becomes very small
at low primary beam energies, it is quite possible that

this threshold actually occurs at about 26 eV, which
is the energy required to create a core hole in the

high-lying O 2s level. Decay of this core hole would

then lead to desorption of oxygen, but the electronic

deexcitation responsible for decay is not currently
understood.

The O/Ag chemisorption system is clearly very

complex. Furthermore, ESD of oxygen yields re-
sults which strongly depend upon a large number of

variables, including primary electron beam energy,

sample temperature, surface morphology, oxygen

coverage, and direction of desorption. Although
much effort is required to characterize this behav-

ior, this system allows much flexibility for attaining

properties desirable in the functioning of an oxygen
atom beam system.

Concluding Remarks

The generation of atomic oxygen by electron stim-

ulated desorption from dissolved oxygen diffusing to

a silver surface is shown to be possible. Polycrys-
talline Ag charged with 160 2 and 180 2 and bom-

barded by low-energy electrons (_100 eV) under
ultrahigh vacuum conditions emits O atom flux

levels of 1 × 1012 cm-2-s -1 at a Ag temperature

of 300°C. The neutral-atom cross section is approx-
imately 7 × 10-19 cm 2. Ancillary experiments con-

ducted on Ag(ll0) single crystals that have been

[|i



dosed with 2500 L of 1602 show O + desorption with

a mean energy distribution of 2 to 6 eV. There is also

some evidence for directionality of the emitted flux,
since both the O and O + experiments give this indi-

cation. On the basis.of this research, it appears that

the proof of concept has been demonstrated and that

the development of an instrument suitable for simula-

tion of the gaseous orbital environment encountered

by an orbiting body is feasible.

NASA Langley Research Center
Hampton, Virginia 23665-5225
February 4, 1987
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